Cophylogenetic analysis supposes that two or more phylogenetic trees for linked groups have been constructed, and explores the relationships the trees have with each other. These types of analyses are most commonly used to assess relationships between hosts and their parasites, however the methodology can also be applied to diverse types of problems such as an examination of the phylogenies of genes with respect to those of organisms or those of geographic areas and the organisms that reside there. The working hypothesis is that the trees are correct, though sometimes attempts are made to take into account their uncertainty. Cophylogeny is computationally hard: that is, there are no known fast methods to compute relationships among such trees for any but the simplest of models. A review of methodology that has been developed to examine cophylogenetic relationships is presented and a brief discussion of some medically relevant examples is given. Ó 2005 Elsevier Inc. All rights reserved.
Some issues of semantics
The terms coevolution, codivergence, cospeciation, and cophylogeny are frequently used interchangeably in many areas of the biological literature, but, in fact, can represent different processes. Coevolution describes the general process of reciprocal evolutionary change in two species or populations of interacting organisms, for instance, the regularly cited examples of arms races between hosts and parasites and plants and herbivores. Many of these cases of species interactions, however, can often be relegated to not much more than ''just so stories,'' rather than true reciprocal evolutionary (i.e., heritable) changes that result directly from selective pressures imposed by another species. Coevolution, in this broader sense, is sometimes discussed in the medical literature; for example, the evolution of malaria parasites to resist chloroquine drugs [1] or the selection of malaria-resistant traits such as sickle-cell trait [2] or glucose-6-phosphate dehydrogenase deficiency [3] in human hosts, however these types of processes are not the topic at hand here. Codivergence is a process of parallel cladogenesis; the speciation of one biological entity resulting in the speciation of those entities that are associated with it [4] . Most examples in the literature-and most that will be discussed here-involve the cladogenesis of a host species with the simultaneous or subsequent speciation of its parasites, that is, cospeciation. Thus cospeciation and codivergence are special types of coevolution: not all coevolution leads to cospeciation/codivergence, but generally speaking we consider codivergence to be a possible consequence of coevolution. Thus, codivergence and cospeciation are special types of coevolution; not all coevolution leads to codivergences, but we consider codivergence to be a possible consequence of coevolution between two sets of organisms. Cophylogenetic analyses involve the comparison of two (or more) phylogenies to uncover patterns of codivergence. The entities comprising the extant taxa of these phylogenies need not be species, but may be strains, genera, or even genotypes. They are simply required to be distinct phylogenetic lineages.
The biological (and non-biological) basis of host-parasite cophylogenetic studies
Parasites, by definition, are associated with a host. This association may be transient or permanent and may involve more than one host species throughout the life cycle of the parasite. Nonetheless, it is undisputed that parasites have evolved specializations that allow them to find, exploit, and disperse their next generation from their hosts. These specializations, however, can act to limit the ability of parasites to infect new hosts and thus, the evolutionary fate of parasites frequently becomes intimately tied to those of their hosts. This degree of intimacy can result in discoverable cophylogenetic events; when the host experiences cladogenesis, the parasites do as well, with each lineage of parasites evolving novel adaptations to each new lineage of hosts (Fig. 1) . Codivergence is not the absolute rule, however, and in fact at least four alternative scenarios are possible. These scenarios may result from real biological processes or may simply be a reflection of the methods used to generate the data to create and/or analyze the phylogenies. In the first scenario, parasites may fail to track one of the new lineages of the host, and are ''lost.'' Two biological events can produce this phenomenon. One is commonly referred to as ''missing the boat'' [5] , as it occasionally occurs when hosts colonize a new habitat (and speciate there) but leave their parasites behind. This might occur when none of the population of colonizing hosts is infected by parasites at the time of dispersal to the new area or because other organisms necessary for the transmission of the parasites (e.g., vectors, intermediate hosts) are not present in the new area. Like all biological entities, parasites can experience extinction and these events will also appear as losses in the cophylogenetic analysis. Observations of losses can, however, result from inadequate sampling, i.e., parasites are simply not sampled in one host species and are presumed not to infect them at all. The second scenario is when parasites speciate without the corresponding speciation of the host. This can occur when parasites expand or change their niches, perhaps as a means to avoid competition [6] , and, as a consequence, become segregated populations and eventually separate species. These events are referred to generally as duplications after the corresponding process in gene/species systems. Third, parasites may fail to diverge when their hosts do, resulting in instances of ''multi-host'' parasites. The biological basis of this could lie in the parasitesÕ ability to use both host species while maintaining gene flow themselves, or, as Banks and Paterson [7] point out, there may be non-biological reasons for these observations. Taxonomists may be unable to identify autapomorphies to distinguish the parasites of two different host species, or conversely, may have overzealously split the host species into two lineages, when in fact they are not. Finally, parasites also switch hoststhe medical and conservation biology literature is full of examples of ''emergent'' diseases that have exploited a novel host with detrimental effects. It has been estimated that around three quarters of emergent diseases in humans have switched hosts from other species [8] .
The usual assumption when initiating a cophylogenetic study, though one that in reality may be very difficult to satisfy, is that thorough sampling of hosts and parasites has been performed and that the phylogenetic methods used (from the characters selected to build the data matrices to the analytical methods used to construct the phylogenies) are sound. Even so, it is not always possible to uncover true biological processes that have led to the observed patterns. For example, we must note here that Ômiss-ing the boat,Õ as well as parasite extinction and simple failure to observe parasites on their hosts, can all be considered as ÔlossÕ events and just by conducting cophylogenetic analyses, it is not possible to determine which of these processes has led to a missing parasite on a host, as we shall detail in a later section (''Problem statements'').
Why study cophylogeny?
Examining cophylogenetic processes in hosts and parasites can help uncover fundamental underlying processes that govern the nature of the interactions of these organisms and serve as a springboard for new investigations. Although the general expectation is that parasite phylogeny should mirror that of the host [9] , and thus the two phylogenies should be perfectly congruent, the true situation will lie somewhere within a range of possible levels of shown by an arrow from source to target, and loss is implied by the existence of just one child lineage persisting on one of two recently diverged hosts. The three processes that lead to loss are missing the boat, sampling failure (''?'') and extinction (''X''). A simple example failure to diverge (shown with the diamond) is represented with a grey area covering both host lineages that the parasite continues to infect. Note that even in this simple case we cannot distinguish among failure to diverge or codivergence and subsequent host switching of undifferentiated parasite lineages. If the failure to diverge were earlier in the host tree there would be exponentially more indistinguishable solutions with different sets of contemporaneous hosts for the parasite.
congruence. At one end of this continuum, the phylogeny of mutualist, obligate endosymbionts should mirror that of their hosts exactly due to vertical transmission [10] [11] [12] .
Other bacterial symbionts, such as Wolbachia, that are not mutualists, do not show this perfect concordance, most likely due to horizontal transfers of bacteria between insect hosts [13] . Parasites that infect related sympatric hosts [14] , especially those that also have intermediate dispersal stages [15] show little cospeciation and the phylogeny of generalist parasites (or herbivores) should not be significantly reflective of the hostsÕ. Coevolving parasites and hosts also allow biologists to investigate questions concerning the relative rate of evolution in these two groups. The common belief is that parasites, having shorter generation times and larger population sizes should show accelerated rates of evolution [16] . If hosts and parasites show parallel phylogenetic branching, then it is possible to directly test these relative rates, including the amount of genetic divergence in each as well as predictions of the actual timing of the cospeciation events, be they simultaneous, delayed, or even perhaps preemptive [17] . Using pocket gophers and their lice, Hafner et al. [18] performed such tests by sequencing mitochondrial cytochrome oxidase I (coI) sequences from both the hosts and the lice. Although there was some debate as to how to correct for nucleotide substitution biases in these datasets [19, 20] , in all cases the parasites were estimated to be evolving several times more rapidly than their mammalian hosts.
Parasites that do not show complete congruence with their hostsÕ phylogeny can also yield interesting new research questions, particularly those that seek to delve into parasite and/or host ecology that can affect the evolutionary trajectories of the organisms. Clayton et al. [21] review several recent studies of vertebrate/louse systems involving investigations into parasitesÕ ability to disperse between host species and establish themselves on novel hosts. Work such as this not only helps broaden our understanding of the fundamental mechanisms of parasitism, but can also be useful in providing realistic parameters for the costs of these events when conducting cophylogenetic analyses.
There are many reasons why one might choose to investigate problems and methods in cophylogeny, over and above those of parasitological interest. We can extend the same methodology to encompass quite different applications, such as the study of organismal or species trees compared to those constructed using individual genes, and geographical areas and the organisms found there. For example, each of the event types depicted in Fig. 1 can be extended to studies of gene trees and species trees: ''cospeciation'' is the equivalent of normal codivergence of a gene when its host organism speciates; within-host speciation of parasites equates to gene duplication events-an occurrence probably more common in gene trees than in parasite trees; host switches can be seen as horizontal gene transfers; and losses are equivalent to gene losses. Table 1 shows these parallels for a variety of systems, with the terms we adopt for the present discussion in bold. In fact, the cophylogeny problem is very general; given two related evolutionary histories represented as trees (or as directed acyclic graphs [22] ) and known associations of extant or ''tip'' taxa, the historical associations among them can then be determined.
The history and breadth of cophylogenetic methodology
The study of the phylogenetic relationships of parasites and hosts has manifested itself in many different ways throughout the past century or so. Darwin was one of the first to remark on the potential of using the parasites of two seemingly identical hosts living in geographically distinct areas to provide additional information on the relationships of these hosts [23] . Later, parasitologists and biogeographers expanded on these ideas, identifying key processes such as codivergence and host-switching, and argued that host specificity should lead to parallel phylogenies of hosts and parasites [9, 23, 24] . Brooks [25] took HennigÕs [26] parsimony methods of phylogeny reconstruction and developed what was later coined BrooksÕ parsimony analysis (BPA), in which the parasite trees and the relations of the extant parasites and hosts are coded as binary characters and used to help infer phylogenetic relationships of their hosts [27] (but see also [28] ). Other methods for comparing host and parasite phylogenies were soon developed, based on ideas of reconciled tree analysis, borne of molecular biological studies of globin genes [29] and biogeographical studies [30] . These reconciliation analyses operate by mapping the parasite or associate phylogeny into the host phylogeny. Such reconstructions are easily interpreted and do not require post hoc interpretation. The terms used in the current work are in bold and it is noted that ''failure to diverge,'' ''missing the boat,'' and ''sampling failure'' are common to all these systems.
These were implemented in two programs written by Page, Component [31] , and TreeMap v1.0 [32] . However, these programs, as well as BPA, had algorithms that did not deal correctly with the processes of host switching and were replaced by a newer version of TreeMap [33] that implemented a novel strategy in the form of ''jungles'' [34] . Jungles are directed graphs that can be constructed to contain all feasible maps within certain bounds of numbers of events, from a parasite or pathogen tree P into the host tree H. The process is typically begun via the creation of a ''tanglegram,'' which depicts present-day associations between the tip taxa of the phylogenies. An example is shown in Fig. 2A , with a hypothetical host tree (heavy lines, left) and parasite tree (right). While bounds can be set quite tightly to constrain the possible maps, if the jungle is left unbounded the computational cost is high: prohibitively so for cases where the cophylogenetic agreement between trees is low (i.e., when the dominant process relating them is not one of codivergence). Each of the four event types (codivergence, duplication, loss, and host switch) may be given a weight or cost, but all ÔpotentiallyÕ optimal solutions are produced from an exhaustive search of these possibilities, independent of any costs that are assigned. A solution in this case is a set of association of nodes in the parasite tree with locations in the host tree, either at nodes, or along branches. When a parasite node is associated with a host node, we interpret this as a codivergence event; when it is associated with a branch, we interpret it as a duplication event. The relationships among these locations in the host tree determine the histories of the parasite branches. Fig. 2B shows the jungle that corresponds to the hypothetical tanglegram. Two solutions are highlighted: one in medium lines has one codivergent node and one host switch; the other (dashed lines) has a duplication prior to the root of the host tree, a codivergent node, and three Ômissing the boatÕ events. ÔPotentiallyÕ optimal solutions are those that could be optimal for some feasible set of event costs: during jungle construction the only constraint that is placed by default on these costs is that codivergence should be strictly less than the other event costs. The justification for this corresponds to the paradigm that codivergence is the typically the expected process if there is coevolution between two lineages of organisms and thus the other processes are in a sense less likely [35] . The maps highlighted in Fig. 2B have different combinations of events, such that one cannot definitely be said to be more likely (or more parsimonious) than the other.
Other methods of assessing parasite-host relationships have also recently been discussed in the literature. One such method is RonquistÕs ''3D matrix'' (sic) method [36] implemented in TreeFitter [37] . That program uses a simple ''event-based parsimony,'' in which each of the four event types is given a predefined cost: by default, these are 0 for cospeciation and duplication, 1 for loss and 2 for host switching. It is computationally fast because it assigns character states to the internal nodes of the parasite tree, corresponding to the optimal host locations for each node, in two passes. Unfortunately, neither the source code nor algorithm are apparently available, nor is any reconstruction output. Note the difference between default costs: TreeMap requires codivergence cost to be strictly less than that of a duplication, but TreeFitter sets them both to zero. This difference has important consequences as to what is considered the optimal, and therefore the most likely, solution [34] . Other methods to investigate cophylogeny problems include statistical tests of the degree of congruence of the two trees, measured in terms of the amount of evolution that has taken place, by maximum likelihood or Bayesian methods [38] and pair-wise distances used in ParaFit [39] .
Recoding cophylogeny
Tree recoding methods, such as BPA and TreeFitter, which code the associations and one or other tree as discrete characters for use in what is effectively a parsimony based phylogeny reconstruction method, have a number of appealing features: The method is made much more tractable, in fact can often be done by hand, and more complex host-parasite relationships can be coded than simple oneto-one associations. While cophylogeny mapping can with relative ease cope with multiple parasite species infecting a given host species, the converse situation of multiple hosts for a given parasite causes severe difficulties: mapping techniques cannot hope to include all possibilities for what must be sets of locations in the host tree, because of the exponential increase in the size of the problem space for this problem variant. In order to properly evaluate all the possible reconstructions when there are multi-host parasites we must consider all possible patterns of association of a parasite with multiple ancestral hosts, and if the parasite has n hosts then there could easily be in the order of 2 n sets of possible locations. Thus, it is attractive to be able to code the problem in a simple way to accommodate these relationships. However the tree recoding methods (into which category TreeFitter falls, though Ronquist differentiates it as an event-based method [40] ) cannot then permit all the possible patterns of historical relationships between the parasite-pathogen and potentially multitudinous ancestral hosts, some of which may carry a minimal total event cost. While re-coding the problem for a subsequent analysis in a phylogenetic parsimony framework thus has the benefit of tractability, we feel that this encoding is in fact a translation into a different problem. While it is closely related to cophylogeny mapping, it is not solving the problem of interest here.
Problem statements
There are numerous different statements of the cophylogeny problem, as several authors have pointed out [38, 41, 42] . These different statements alter the computational complexity of the problem quite markedly, so deserve mention here. The best way of differentiating these problem statements is by what events they are concerned with, among codivergence, duplication, loss and host switching. Codivergence occurs, and is reconstructed, in all these methods; hence we define the cophylogeny problem in terms of the other events that are to be accommodated. The simplest viable statement of the cophylogeny problem is the Ôduplication-lossÕ model. In this model all tree incongruence is accommodated with independent speciation events of the parasites-pathogens, and loss events. As described above, losses can arise from three different processes: missing the boat, extinction, and sampling failure and though it is known that sampling error is a huge effect [43] , ÔhugeÕ in this case remains unquantified and will remain so until we have better computational and statistical tools to measure it. For the moment then, we leave the complex issue of differentiating those coevolutionary events that lead to loss, as they are indistinguishable when we only have information about the trees and the associations of their tips, and carry on with our survey. In the duplication-loss model there is no method to recover host switching: this markedly reduces the number of solutions and can be solved in linear time. PageÕs ''reconciled tree'' method was expressly limited to this case [44] and Ronquist prefers that terminology [38] but we generalize it to include all methods of reconciling the differences between two trees. The duplication-loss problem is particularly relevant to the gene tree/species tree problem, in which horizontal transfer can sometimes be ignored, at least in cases concerning most eukaryotic organisms. That problem has its own computational quirks, in that there may be, and often are, multiple gene trees with related histories, in turn related to the organismal tree. This means that there may be episodes of multiple duplication events of linked genes, accounting for multiple differences between host and gene trees with a single event. This situation was explored by Cotton and Page [45] and is computationally much harder to solve than the single gene-tree case [41] .
For the case of host-parasite or pathogen interactions we can no longer guarantee that there will be no host switches-in fact the vast majority of parasites seem to switch hosts routinely [7, 46, 47] . For this rather less particular problem, host switching has to be built in. This increases the number of solutions exponentially with the size of the host and/or parasite trees. While the increase in numbers of feasible solutions does not necessarily mean that the solution of these problems takes an exponential amount of time, in practice it means that solving this problem is much less tractable than the simple duplication-loss model.
The most general model possible was confirmed by Ronquist [38] to be this duplication-loss-switch model, as no more events can be distinguished than those four. It is this model that has the most explanatory power and the one that has the most potential. Recent work [42, 48, 49] has made significant progress in the identification of lateral gene transfers for the gene tree(s)/species tree problem, though much remains to be done, particularly in ways to deal with the computational complexity of cophylogenetic studies.
Complexity
Computational complexity is one of the biggest barriers to solving the cophylogeny problem. As Ronquist points out [38] , a significant saving can be made by constraining the problem such that no parasite or pathogen occurs on more than one host species: the solution space therefore no longer needs to account for cases where a pathogen can exist on any subset of contemporaneous hosts (of which there are an exponential number as noted above), and in any case this is may sometimes be of greater biological interest, as those parasites or pathogens with long associations with a single host are the most likely ones to manifest coevolutionary patterns with their hosts. Huelsenbeck et al.Õs initial likelihood method [20] used a probability model of cophylogenetic history that had a more extreme constraint: that no host lineage should have more than one parasite lineage associated with it. This vastly increased the speed at which cophylogeny maps can be constructed, but unfortunately suffered from lack of biological realism. There are numerous cases of multiple pathogen species (or strains) infecting the same host species, such as HIV-1 and -2 and the four species of malaria parasites infecting humans. The model led to inflated numbers of inferred host switches, as all duplication events had to be accompanied by a host switching event. Hence, in order to preserve realism, we are faced with the unavoidable problem that there are an exponential number of possible solutions to the cophylogeny (mapping) problem: both in terms of the problem size and in terms of the non-specificity of parasites.
Problem bounds
Significant savings can be made by bounding the problem: while in its ''natural state'' the problem is virtually intractable, some constraints can render it tractable, even polynomial. (These bounds are all available in TreeMap v2.0 to reduce run-time and space; they reflect the authorsÕ opinions of what useful constraints might be imposed.)
The number of host switches
With no host switches the number of optimal solutions can be solved extremely quickly [50] . Limiting the number of host switches to a finite bound also reduces the computational complexity significantly, though when constraining maps with the maximum number of host switches it is wise to be very careful in case some viable maps are missed.
The number of parasites per host lineage
Constraining the maximum number of parasites per host lineage is not as significant a reduction in the problem size as is limiting the number of host switches. For example, if no host switches are permitted it might still be possible for almost as many parasite lineages to be on a single ancestral host lineage as there are extant parasite species in an optimal reconstruction.
The maximum number of losses
Constraining the maximum number of losses to zero is likely to require more host switches to reconcile any two trees (unless they are perfectly congruent). Such solutions typically are very numerous, and without losses allowed, hard to distinguish among. There may be several equally good maps that have no losses but many different host switches, merely in different orders. There is as yet no convenient way of constructing a ''consensus'' of these maps, which means that we must keep a list of all such equivalent maps.
Maximum total cost
While very appealing in terms of having a single fixed number that we may constrain, this is probably the least useful kind of bound on cophylogeny maps, because it requires that we arbitrarily fix event costs, based on little (or no) knowledge of their relative values. While finding the map(s) with minimal total cost can be relatively fast, we feel that it is therefore to be avoided, because of this requirement to fix the event costs in advance. With no knowledge about relative values of these costs, it is not statistically defensible to assign these costs. Although some experimental work is being done to begin to uncover real biological costs (in terms of fitness) associated with host switches in some systems [51, 52] , these studies can at best only serve as rough guidelines for estimations of event costs in general.
Total number of non-codivergence events
Putting an upper bound on the total number of noncodivergence events is a special case of the above binding, and while perhaps more appealing in terms of not requiring any one particular event cost, it still effectively sets the cost of duplication, loss and host-switching events (or some combination of these, depending on the problem statement) to be equal. Thus a set of arbitrary cost assignments can be replaced by a single one, but with no more justification than before.
Minimum number of codivergence events
The equivalent event-based bound is on the total number of codivergence events that we require. Certainly this makes the problem easier to solve, and has biological appeal due to its adherence with FarenholzÕs principle [9, 53] , that the phylogeny of a group of parasites should mirror that of its hosts. However, minimizing the total number of codivergence events does suffer from Ôputting all its eggs in one basketÕ, and if, for instance our host and parasite trees were related by a history of duplications and losses, due for example to different time scales of divergence events, then this would not be appropriate either.
Unknown event costs and Pareto optimality
We need to mention the problem that while we can say something about the event costs, i.e., their relationships to each other (codivergence < duplication, host switch, loss), we wonÕt know the relationships among them. Hence we have to introduce the concept of Pareto optimality, the ''potentially optimal'' maps, better described as Pareto-optimal. These maps can be considered in two ways (and probably more): the first is as they were first conceived, as ''potentially optimal''. A map is potentially optimal if there is some possible set of event costs (for codivergence, duplication, etc.), such that the total cost of the events induced by that map is minimal. Thus if the cost of a codivergence event is 0 and all the other event costs are 1, a map is optimal if it minimizes the number of non-codivergence events; on the other hand if host switches have a large cost then the optimal maps must have no host-switching events. The set of potentially optimal maps must include both of these cases at least and all the other maps that might be optimal for some set of event costs.
An alternative way of looking at such maps is that no Pareto-optimal map M is ''dominated'' by any other; that is, that no other solution can be definitely stated to be ''better'' than M. A map dominates another if it must have a lower total cost, provided the event costs fit our constraints outlined above. Thus a map with 2 codivergence events, 6 duplications, 3 host switches and a parasite loss must have a lower total event cost-no matter what the event costs are, within our constraints-than a map with 2 codivergence events, 6 duplications, 4 host switches and 3 losses. It cannot be said to definitely have a lower cost than a map with 2 codivergence events and 6 duplications, but 2 host switches and 2 losses, so would not dominate the first map.
Some medically relevant examples from the literature
Advances in cophylogeny methodology and perhaps, more importantly, the availability of computer programs to perform these types of analyses have allowed for investigations into relationships between hosts and parasites, some of them concerning those parasites or pathogens impacting human health. We describe briefly four such systems below.
HIV
There has been much debate in the literature as to the origin of HIV, with some arguing that the human viruses are new and recently acquired from monkeys, while others contending that the viruses are not new at all, but rather that humans have been hosts to these retroviruses all along, with the recent increase in virulence responsible for the epidemic. Some of the fuel of this debate stems from parasitological ''lore'' that more virulent parasites represent recent switches to host, with little time in which coevolution and adaptation towards mutualism can occur [54] . Mindell et al. [55] , using a simple phylogenetic analysis of the immunodeficiency viruses, concluded that while the ''new virus'' hypothesis was not supported with their data, there was still uncertainty with respect to the ancestral hosts of HIV. Their analysis, in which hosts were merely optimized as separate dependent characters on the viral phylogeny, resulted in an inference that a human-to-chimpanzee host switch had taken place. Siddall [56] reanalyzed the data using cophylogenetic algorithms that were available at the time (TreeMap 1.0, BPA), and found a general lack of codivergence for primate immunodeficiency viruses and their hosts, but nonetheless evidence for a monkeyto-human switch for HIV2 and an ambiguous ancestry for HIV1. Later, in reassessing codivergence methodologies, Siddall and Perkins [57] found evidence to support the chimpanzee origin for HIV1 as well.
Charleston and Robertson [58] also analyzed primate lentiviruses in a cophylogenetic framework, though with the exclusion of HIV1, HIV2, and strain SIVmnd-1 as there is little doubt that these viruses have recently crossed species barriers. The results did indeed show a high degree of convergence between the two phylogenies, but simulations run with artificial virus phylogenies in place of those based on previously published topologies still showed an apparent cophylogenetic parallelism, provided that viruses switched hosts preferentially. The authors argued that these preferential host switches, occurring between closely related species or subspecies that are likely to be ecologically or behaviorally similar could be a feasible alternative hypothesis to ''genuine codivergence'' [58] .
Other RNA viruses
RNA viruses have long been supposed to be poor candidates for congruence through codivergence, because of their lack of enzymatic ''proof-reading'' during replication. This leads to such elevated mutation rates that significant codivergence is expected to be swamped by rapid divergence [59, 60] . However some RNA viruses, such as Hantavirus and Spumavirus, do appear to codiverge with their hosts [46] , though most of the codivergence events appear to be concentrated near the tips of both trees, perhaps suggesting that both viruses undergo preferential host switching. Although a long and specific historical association is certainly a requirement for there to be recoverable codivergence, it is demonstrated that that is not enough: in the same study Lyssavirus and Arenovirus were shown while possibly codiverging with their hosts, to not exhibit such congruence. Thus while RNA viruses may indeed codiverge with their hosts, the codivergence events may be masked by subsequent events such as host switching, and if that host switching, if it is preferential sensu Charleston and Robertson [58] , may once again be interpreted as codivergence.
Pneumocystis pneumonia
Pneumocystis species are fungal parasites that pose a particular threat to immunocompromised patients [61] and, though originally classified as a single species, Pneumocystis carinii, were shown more recently to be a diverse complex of fungi with sequence divergences correlated to the divergence of their hosts [62] . Hugot et al. [63] recently analyzed a set of 20 strains of ''P. carinii'' and their primate hosts to test hypotheses of cophylogeny. One of the challenges of this study was uncertainty in the relationships of the hosts, though even the most conservative estimate of the primate phylogeny, with several nodes left unresolved, still showed significant numbers of codivergences of Pneumocystis and primates. Thus, these cophylogenetic studies support several published experimental results showing that Pneumocystis possesses a high degree of host specificity (cited in [63] ). The authors additionally used their well-supported phylogeny of the fungal parasites and the high degree of codivergence of these hosts and parasites to lend support to certain proposed topologies of the primate phylogeny. It remains to be seen whether this is another example where preferential host switching can account for this apparent congruence.
Malaria
Malaria parasites (Plasmodium and related genera) represent an additional twist to cophylogenetic studies as these parasites are vector-borne and as such may show specializations and other constraints to not just the vertebrate host, but also the dipteran insects that vector them. Humans are not the only hosts to malaria parasites, and in fact, represent a very minor proportion of the diversity of this group, with the vast majority of malaria parasites using lizards and birds as their hosts. P. azurophilum, a parasite of Caribbean Anolis lizards, was once considered to be a single species, but based on mitochondrial cytochrome b sequences, has since been found to form separate, monophyletic clades, one that infects red blood cells (P. azurophilum ''red'') and one that uses leucocytes as its host cell (P. azurophilum ''white'') [6] . Charleston and Perkins [47] analyzed these two groups of parasites against a previously accepted phylogeny of the lizards [64] and concluded that although there were significantly more cospeciation events than by chance, that overall, the phylogenies of lizard hosts and malaria parasites were not particularly congruent, with host switches hypothesized in all optimal solutions. (It should perhaps be noted here that even if a new, improved phylogeny of the lizards is used [65] , there is still much incongruence between this host tree and that of the parasites.) Host switching and/or broad host use has also been found to be prevalent in avian malaria parasites. Waldenstrom et al. [66] examined resident and migratory songbirds in Europe and Africa and found, somewhat surprisingly, that a large proportion of lineages, as identified by cytochrome b, genotypes infected multiple host species, including members of different host families. Ricklefs et al. [67] , using densely sampled groups of North American and Caribbean bird and Plasmodium associations, again based on cytochrome b sequences of parasites, found evidence of prevalent host switching, but with an overall structural match of host and parasite phylogenies.
The polyphyletic status of the four species of human malaria parasites found by Perkins and Schall [68] implies that host switching may have occurred in these parasites as well. Several human malaria parasites have been shown to be genetically indistinguishable (at least at one locus) from a monkey Plasmodium species: P. vivax and P. simium, P. malariae, and P. brasilianum, (both in New World monkeys) and a P. vivax-like parasite and P. simiovale, found in Old World macaques [69] . It can be difficult, however, to identify the polarity of these switches: did humans acquire the parasites from non-primates or vice versa? There is, in fact, some evidence for both. A recent study by Mu et al. [70] used whole mitochondrial genome sequences of 176 P. vivax isolates and 5 simian malaria parasites, including those from both New and Old Worlds to investigate the origin of P. vivax. Their results, including those from cophylogeny mapping, but also from estimates of migration rates, ancestral parasite haplotypes, and the timing of divergences from the most recent common ancestor, pointed strongly to an Asian origin for P. vivax resulting from a host switch from non-human primates, in this case macaques, with a fairly recent introduction to the New World monkeys [70] , potentially giving rise to P. simium. Singh et al. [71] have reported that as many as 58% of human malaria infections in Borneo were, in fact, P. knowlesi, a macaque parasite, thus switches from these monkeys to humans are entirely feasible, if not common.
The most virulent human malaria parasite, P. falciparum, was at one point thought to have arisen as a result of a host switch from birds to humans, at the time of the domestication of chickens [72] , an idea supported by the ''new = virulent'' (mis)conception [54] . Despite arguments pointing to poor systematic methods and character optimization (the tree actually indicated that humans gave malaria to birds) in this paper [73] , the idea remained popular for quite some time [74] . Recent work has instead shown that there is a close evolutionary relationship between P. falciparum and P. reichenowi, the chimpanzee malaria parasite [68, 75] and thus may be the one example of a codivergence event with respect to primate and Plasmodium evolution.
Malaria parasites, then, as a whole, seem to be capable of frequent host shifts. At present, it is still not possible to discern the possible contributions that insect vectors or dispersing hosts (e.g., migrating birds, rafting lizards, and humans traveling on a global scale) make to moving malaria parasites from place to place or introducing new parasite species to novel hosts. Future work using more rapidly evolving molecular markers for the parasites and comparisons with other parasites of the hosts should help unravel this problem.
Conclusions
The cophylogeny problem is a very challenging one on many levels, including mathematical, statistical, biological and computational. It is also one of the richest sources of understanding of general principles of coevolution at the phylogenetic scale. Cophylogeny is still a relatively new discipline, though as has been mentioned its underlying principles were given voice from the time of Darwin. Its underdevelopment is in part due to a lack of dedicated researchers in the field, which has only recently been given light as a problem in its own right, merging the fields of phylogeography, biogeography, host-parasite coevolution and others. This new understanding of the abstract problem of relating in an asymmetric way two or more ecologically linked trees has brought a wealth of new methods to bear on the cophylogeny problem.
Unfortunately, coupled with that new understanding has been the realization that there are relatively few data on the actual dynamics of coevolutionary events: we are little further forward than FahrenholzÕs rule [9, 53] that parasite phylogeny should ÔmirrorÕ host phylogeny. Thus we arise at various different ways of ÕscoringÕ these events, from the hands-off approach used by Charleston and Page in TreeMap [33] , which assumes that codivergence cost is strictly lower than duplication cost (and assumes very little else), to RonquistÕs TreeFitter [38] , which assumes they are the same (and defines exact values for events), through to symmetric measures of incongruence, based on the assumption that the underlying trees were the same and only differ in their branch lengths.
It is very easy to develop statistics that give an optimal value for perfectly congruent trees (such as total cost of 0 using TreeMap, TreeFitter or BPA), but much less easy to decide how these statistics should discriminate among different non-optimal solutions. Whereas the field of phylogeny has enjoyed extensive simulation and analytical study in recent years, there has been something of a dearth of such work in cophylogeny. Without this it is very hard to decide between approaches: we feel that cophylogeny mapping is the preferable route, but others prefer methods less constrained by computational complexity. Cophylogeny, in short, is our best tool for uncovering ancient processes of coevolution at the species level, but is still a tough problem that, like most other areas of interest, needs more work.
